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The green tea component epigallocatechin-3-gallate
(EGCG) may be beneficial in autoimmune diseases;
however, the underlying mechanisms are not well
understood. In this study, we determined the effect of
EGCG on the development of experimental autoim-
mune encephalomyelitis, an animal model for human
multiple sclerosis, and the underlying mechanisms.
Female C57BL/6 mice were fed EGCG (0%, 0.15%,
0.3%, and 0.6% in diet) for 30 days and then immu-
nized with specific antigen myelin oligodendrocyte
glycoprotein 35-55. EGCG dose dependently attenu-
ated clinical symptoms and pathological features (leu-
kocyte infiltration and demyelination) in the central
nervous system and inhibited antigen-specific T-cell
proliferation and delayed-type hypersensitivity skin
response. We further showed that EGCG reduced pro-
duction of interferon-�, IL-17, IL-6, IL-1�, and tumor
necrosis factor-�; decreased types 1 and 17 helper T
cells (Th1 and Th17, respectively); and increased reg-
ulatory T-cell populations in lymph nodes, the spleen,
and the central nervous system. Moreover, EGCG in-
hibited expression of transcription factors T-box ex-
pressed in T cells and retinoid-related orphan recep-
tor–�t, the specific transcription factor for Th1 and
Th17 differentiation, respectively; the plasma levels
of intercellular adhesion molecule 1; and CCR6 ex-
pression in CD4� T cells. These results indicate that
EGCG may attenuate experimental autoimmune en-
cephalomyelitis autoimmune response by inhibiting
immune cell infiltration and modulating the balance

among pro- and anti-autoimmune CD4� T-cell subsets.
Thus, we identified a novel mechanism that underlies
EGCG’s beneficial effect in autoimmune disease. (Am J

Pathol 2012, 180:221–234; DOI: 10.1016/j.ajpath.2011.09.007)

Multiple sclerosis (MS) is a T-cell–mediated inflammatory
autoimmune disease of the central nervous system
(CNS). Experimental autoimmune encephalomyelitis
(EAE) is a well-established animal model for human MS,
owing to the similarities in clinical, immunological, and
neuropathological features between MS and EAE.1 The
EAE model, which has been widely used to study MS, is
also one of the most favored tools for the study of T-cell–
mediated autoimmunity. The key pathogenesis of MS in-
volves a process in which myelin-reactive CD4� T cells
enter the CNS and orchestrate their effector function on
the myelin sheath, resulting in tissue destruction and
consequent loss of function.2–4 MS or EAE has long been
thought to be a type 1 helper T-cell (Th1)–mediated au-
toimmune disorder in which myelin-specific, IL-12–in-
duced, interferon (IFN)-�–producing CD4� Th1 cells
were considered to be the only driving factor in the in-
duction of the disease. However, compelling evidence,
accumulated in the past few years, has developed a new
theory indicating the additional involvement of a newly
identified population of CD4� T cells, named Th17 cells.
Furthermore, Th17 cells are implicated in this model and
in several other autoimmune diseases. Although some
autoimmune responses formerly attributed to Th1 cells
are now believed to be mediated by Th17 cells, recent
studies5–9 continue to emphasize the importance of Th1
cells in EAE development. In fact, EAE can be induced by
transfer of either Th17 or Th1 cells.10 Another important
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T-cell type involved in regulation of EAE development is
regulatory T cells (Tregs), characterized by their
CD4�CD25� phenotype, together with expression of
their master transcription factor forkhead box3 (Foxp3).
Tregs reduce the inflammatory responses and clinical
symptoms in mice with EAE.11–13

The etiology of most autoimmune diseases, including
MS, is not clearly understood. Both genetic predisposi-
tion (a key risk factor) and environmental factors are
involved. Current therapies, which mainly focus on the
use of immune-suppressant drugs, have limited efficacy
and various adverse effects. Nutrition represents an al-
ternative and complementary approach that could poten-
tially improve autoimmune disorders. Green tea may be
such a nutrition factor. Catechins in green tea are thought
to be the major components responsible for the tea’s
biological effects. These catechins include epicatechin,
epigallocatechin, epicatechin-3-gallate, and epigallocat-
echin-3-gallate (EGCG), among which EGCG is the most
biologically active and most abundant (accounting for
50% to 80% of the total tea catechins).14 Although green
tea or EGCG can quench several different reactive oxy-
gen species and its health benefits have been partially
attributed to its antioxidant properties, our previous
study15 indicates that the T-cell–suppressive effect of
EGCG is not related to its effect on oxidative stress.
Results from a few animal studies suggest that green tea
EGCG might be effective in improving the symptoms and
pathological conditions associated with autoimmune in-
flammatory diseases in several animal models.16–21 Pre-
liminary evidence17,19,21 has linked this effect of EGCG to
altered T-cell function, including production of cytokines,
such as IFN-� and tumor necrosis factor (TNF)-�. Al-
though these results are encouraging, further studies are
needed to address several important issues. First, stud-
ies to determine a clear, definitive effect of EGCG on
autoimmune diseases are inconsistent. Second, little is
known about the dose-response relationship because of
a lack of appropriately designed dietary supplementation
studies, which would have a great relevance to its use as
a food component, supplement, or therapeutic agent. Fi-
nally, and most important, the mechanisms for the pro-
posed beneficial effect of EGCG in autoimmunity are not
well elucidated. In particular, for the most part, the studies
thus far have not considered the previously mentioned,
recently developed theory on the immunopathogenesis of
autoimmune inflammatory diseases (eg, reciprocal action of
Th17 and Treg). To address these issues, we conducted a
study using a mouse EAE model to determine how dietary
supplementation with EGCG at different doses affects the
disease’s symptoms and pathological characteristics, as
well as the related immune responses as the mechanisms
by which EGCG exerts its effect.

Materials and Methods

Animals

Specific pathogen-free C57BL/6 female mice (aged 6 to

8 weeks) were obtained from Charles River (Wilmington,
MA). These mice were maintained at a constant temper-
ature and humidity, with a 12-hour light-dark cycle. Water
and a nutritionally adequate, nonpurified mouse diet (Te-
klad 7012; Harlan Teklad, Madison, WI) were provided ad
libitum. In the feeding study, mice were pair fed the
experimental diets, as described later. All mice were
observed daily for general health and clinical signs of
disease. At the end of the study, mice were euthanized
by CO2 asphyxiation, followed by exsanguination, and
tissues were collected postmortem. All conditions and
handling of the animals were approved by the Animal
Care and Use Committee of the Jean Mayer USDA Hu-
man Nutrition Research Center on Aging at Tufts Univer-
sity (Boston, MA) and conducted according to the NIH
Guidelines for the Care and Use of Laboratory Animals.

Dietary EGCG Supplementation

In the experiment to determine effect of EGCG at different
doses on EAE development, mice were randomly divided
into four groups and pair fed the AIN 93M diet (Research
Diet) supplemented with 0%, 0.15%, 0.3%, or 0.6%
EGCG (w/w) for 30 days. EGCG (TEAVIGO, containing
95% EGCG) was provided by DSM Nutritional Products
(Kaiseraugst, Switzerland). After 30 days of feeding, mice
were immunized to induce EAE, as described later, while
they continued to receive their experimental diets. In the
experiment to determine whether EGCG is still effective at
treating EAE after disease initiation, mice were divided
into three groups and fed the control diet for 1 week
before being immunized to induce EAE. While continuing
to feed the control group the control diet throughout the
entire study, we switched one group at day 7 and the
other group at day 12 after immunization to the diet con-
taining 0.6% EGCG. Mice were maintained on these diets
until day 30 after immunization.

Induction and Evaluation of EAE

Mice were immunized s.c. in the flanks with 200 �g of
myelin oligodendrocyte glycoprotein (MOG)35-55 peptide
(synthesized by the Tufts University Core Facility Labo-
ratory) in a 200-�L emulsion of complete freund’s adju-
vant (CFA) containing 5 mg/mL heat-killed Mycobacte-
rium tuberculosis H37Ra extract (Sigma-Aldrich, St. Louis,
MO) on day 0 and i.p. injected with 200 ng per mouse of
pertussis toxin (List Biological Laboratories, Campbell,
CA) on days 0 and 2. The clinical symptoms were scored
daily from day 0 to 30 after immunization, as follows: 0, no
signs; 0.5, partial tail paralysis; 1, limp tail or tail paralysis;
2, complete loss of tail tonicity or abnormal gait; 3, partial
hind limb paralysis; 4, complete hind limb paralysis; and
5, moribund.

Histological and IHC Data

Mice were euthanized on day 30 after immunization and
perfused by intracardiac infusion with 10% paraformal-
dehyde. The brain and spinal cord were removed and
fixed in 10% paraformaldehyde. Fixed samples were em-

bedded in paraffin, and cross sections were stained with
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H&E or Luxol fast blue for evaluation of inflammation or
demyelination, respectively. For immunohistochemistry
(IHC), the sections were deparaffinized with xylene, re-
hydrated through a series with ethanol, and incubated in
0.3% hydrogen peroxide for 10 minutes to quench en-
dogenous peroxidase activity. Immunostaining was con-
ducted using the Vectastain Elite ABC kit (Vector Labo-
ratories, Burlingame, CA). Nonspecific binding was
blocked by incubation with normal rat serum for 30 min-
utes. The sections were then incubated with the following
primary antibodies at indicated dilutions at 4°C overnight:
anti-CD3 (1:100) and anti-F4/80 (1:50) from AbD SeroTec
(Oxford, UK) and anti-CD45R/B220 (1:25) and anti-Ly-6G
and Ly-6C (1:25) from BD Pharmingen (San Diego, CA).
Sections were then incubated with a biotinylated second-
ary antibody (anti-rat IgG) for 30 minutes, washed, and
incubated for another 30 minutes with ABC (avidin and
biotinylated enzyme complex) reagent. Color was devel-
oped by adding peroxidase substrate diaminobenzidine.
Sections were counterstained with Mayer’s hematoxylin
(Sigma-Aldrich) and, finally, mounting solution and cov-
erslips were added.

MOG-Specific DTH

On day 27 after immunization, mice were injected with
MOG35-55 peptide in the right footpad and saline in the
left footpad as control. The footpad thickness was mea-
sured 24, 48, and 72 hours after the injection using a
micrometer (QUICKmini; Mitutoyo, Kawasaki, Japan).
Specific responses were calculated by subtracting the
thickness of the left footpad (saline) from that of the right
footpad (MOG).

T-Cell Proliferation

After mice were euthanized, the draining lymph nodes
(LNs) were aseptically removed and single-cell suspen-
sions were prepared. LN cells were placed in sterile
RPMI 1640 medium (Biowhittaker, Walkerville, MD), sup-
plemented with 25 mmol/L HEPES, 2 mmol/L glutamine,
100 kU/L penicillin, and 100 mg/L streptomycin (all from
Invitrogen, Carlsbad, CA). Cells suspended in RPMI 1640
medium containing 5% heat-inactivated fetal bovine se-
rum (Invitrogen) were plated in triplicate in 96-well round-
bottom cell culture plates and stimulated with 0, 1, 10, or
100 �g/mL MOG35-55 peptide for 72 hours. Cultures were
pulsed with 1 �Ci/well [3H]-thymidine (Perkin Elmer; Life
Sciences, Boston, MA) during the final 4 hours of incu-
bation. The cells were harvested onto glass-fiber filter
mats (Wallac, Gaithersburg, MD) by a Tomtec harvester
(Wallac), and cell proliferation was quantified as the
amount of [3H]-thymidine incorporation into DNA, as de-
termined by liquid scintillation counting in a 1205 Beta-
plate counter (Wallac). Results are expressed as cpm.

Cytokine Production

The LNs and spleen were collected, and single-cell sus-
pensions in RPMI 1640 medium and 5% fetal bovine serum

were prepared. The LNs and spleen cells were separately
cultured in 24-well culture plates in the presence of 100
�g/mL MOG35-55 peptide for 72 hours. Supernatants were
then collected and measured with an enzyme-linked immu-
nosorbent assay (ELISA) for IL-17 (kit from eBiosciences,
San Diego, CA), transforming growth factor (TGF)-� (kit
from R&D Systems, Minneapolis, MN), and IFN-�, IL-6, and
TNF-� (all from BD Pharmingen). Intracellular cytokine lev-
els were determined using a flow cytometry, as described
later.

Plasma IL-1�, IL-12/IL-23 p40, and ICAM-1

Heparinized plasma samples were collected and centri-
fuged to obtain plasma. Plasma concentrations of inter-
cellular adhesion molecule 1 (ICAM-1) and IL-1� were
measured using the Duoset ELISA kit (R&D Systems),
and IL-12/IL-23 p40 was measured using the ELISA
Ready-SET-Go! kit (eBiosciences), following the manu-
facturer’s instructions.

Isolation of Mononuclear Cells in CNS

Mice were euthanized on day 12 after immunization and
perfused through the left ventricle with cold PBS. Brain
and spinal cord were removed, and the tissues from two
mice were pooled into one CNS sample. Mononuclear
cells were isolated from the CNS samples using the Neu-
ral Tissue Dissociation Kits (Mitenyi Biotec, Auburn, CA).
The isolated cells were either directly analyzed for sur-
face markers or stimulated with 50 ng/mL phorbol 12-
myristate 13-acetate (PMA) and 500 ng/mL ionomycin
(both from Sigma-Aldrich) in the presence of monensin
(Golgi Stop; BD Pharmingen) for 4 hours for measure-
ment of intracellular markers. The expression of cell sur-
face and intracellular markers was determined by flow
cytometry, as described later.

Flow Cytometry

To determine the cell phenotype and expression of
CCRs, cells were surface stained by appropriate antibod-
ies labeled with fluorochromes. For intracellular cytokine
measurements, cells were restimulated with 50 ng/mL
PMA and 500 ng/mL ionomycin (both from Sigma-Al-
drich) in the presence of monensin (BD Pharmingen) for
4 hours. Cells were blocked by anti-CD16/32 (Fc block;
BD Pharmingen), fixed and permeabilized with the Cyto-
fix/Cytoperm kit (BD Pharmingen), and stained with fluo-
rochrome-labeled antibodies for each cytokine tested.
The expression of transcription factors was analyzed af-
ter intracellular staining using a similar procedure. Foxp3
staining was performed using the Mouse Foxp3 Buffer
Set (BD Pharmingen). The antibodies used for flow cy-
tometry were as follows: CD3 (145-2C11), anti-CD4
(GK1.5), anti-IFN-� (XMG1.2), and anti-IL-10 (JES5-16E3)
were from eBiosciences; anti-transcription factors T-box
expressed in T cells (T-bet; O4-46), anti-Foxp3 (MF23),
anti-IL-4 (11B11), and anti-IL-17 (TC11-18H10) were from
BD Pharmingen; and anti-CCR6 (140706) and anti-reti-
noid-related orphan receptor (ROR)–�t (600380) were

from R&D Systems. All flow cytometric measurements
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were conducted using an Accuri C6 flow cytometer (BD
Accuri Cytometers, Ann Arbor, MI), and acquired data
were analyzed with FlowJo 7.6 software (Treestar Inc.,
Ashland, OR).

Real-Time RT-PCR

To determine mRNA levels of selected analytes, total
RNA was extracted from brain, spinal cord, and spleno-
cyte samples using TRIzol reagent (Invitrogen) and was
then reverse transcribed into cDNA using a SuperScript
VILO cDNA synthesis kit (Invitrogen), following the man-
ufacturer’s instructions. Real-time PCR was performed in
triplicate using SYBR Green Master Mix (Qiagen, Valen-
cia, CA) in an ABI 7300 real-time PCR system (Applied
Biosystems, Foster City, CA). The levels of tested genes
were normalized to �-actin gene as an internal control.

The sequences of the primers used are as follows:
CCL20, 5=-CGACTGTTGCCTCTCGTACA-3= (forward)
and 5=-AGCCCTTTTCACCCAGTTCT-3= (reverse); T-bet,
5=-GCCAGGGAACCGCTTATATGTC-3= (forward) and 5=-
CTGTGAGATCATATCCTTGGGCTG-3= (reverse); ROR�t,
5=-TGCAAGACTCATCGACAAGG-3= (forward) and 5=-
AGGGGATTCAACATCAGTGC-3= (reverse); IL-23p19,
5=-GACTCAGCCAACTCCTCCAG-3= (forward) and 5=-
GGCACTAAGGGCTCAGTCAG-3= (reverse); IL-12p40,
5=-AGGTCACACTGGACCAAAGG-3= (forward) and 5=-
TGGTTTGATGATGTCCCTGA-3= (reverse); IL-12p35, 5=-
CATCGATGAGCTGATGCAGT-3= (forward) and 5=-CA-
GATAGCCCATCACCCTGT-3= (reverse); IL-27p28,
5=-CTCTGCTTCCTCGCTACCAC-3= (forward) and 5=-
GGGGCAGCTTCTTTTCTTCT-3= (reverse); EBi3, 5=-CG-
GTGCCCTACATGCTAAAT-3= (forward) and 5=-GCG-
GAGTCGGTACTTGAGAG-3= (reverse); and �-actin,
5=-TGTTACCAACTGGGACGACA-3= (forward) and 5=-
GGGGTGTTGAAGGTCTCAAA-3= (reverse).

Figure 1. Dietary EGCG dose dependently ameliorates clinical symptoms of
EAE. Female C57BL/6 mice were fed diets containing 0%, 0.15%, 0.3%, and
0.6% EGCG for 30 days and then immunized with MOG35-55/CFA. Clinical

symptoms of EAE were scored daily while mice were fed the same experi-
mental diets for another 30 days. Values are mean � SEM (n � 12).
Statistical Analysis

All results are expressed as mean � SEM. Statistical anal-
ysis was conducted using Systat 12 statistical software
(Systat Software, Chicago, IL). Differences were determined
using one-way analysis of variance, followed by Tukey’s
honestly significant difference post hoc test for multiple
comparisons, or a nonpaired Student’s t-test. Significance
was set at P � 0.05.

Results

Dietary EGCG Supplementation Ameliorates
Clinical Symptoms of EAE

Mice were fed different doses of EGCG for 30 days and
then immunized with MOG35-55 peptide to induce EAE
while continuing their EGCG consumption. Almost all of
the mice developed EAE after immunization, but the time
of onset varied to some extent among individual mice.
Nevertheless, compared with the control group, mice fed
0.6% EGCG had a delayed average time of onset (14 �
0.7 versus 11.5 � 0.8 days; P � 0.05), whereas no
significant difference was observed in the mice fed
0.15% or 0.3% EGCG (Figure 1 and Table 1). Further-
more, the cumulative disease index (mean sum of clinical
scores over the entire observation period) showed a
dose-dependent decrease in EGCG-fed mice, which
lasted until the completion of the study (ie, 30 days after
immunization) (Figure 1 and Table 1). The improvement
in symptoms was not statistically significant in the 0.15%
EGCG group.

EGCG Inhibits Autoantigen MOG35-55-Induced
Specific T-Cell Response Both ex Vivo and
in Vivo

T cells play a key role in the development of EAE through
their antigen (Ag)–specific effector response. Clonal ex-
pansion of Ag-specific T cells on antigen encounter is a
prerequisite for the initiation and development of T-cell–
mediated immunopathological characteristics. We, thus,
determined whether EGCG attenuates EAE development
via its impact on Ag-specific T-cell response. We used

Table 1. Effect of Dietary EGCG on EAE Symptoms

Group Day of onset CDI* Area of curve†

Control 11.5 � 0.76 62.18 � 1.10 60.50 (100)
EGCG (%)

0.15 12.0 � 0.80 54.82 � 1.91 54.31 (89.8)
0.3 12.5 � 0.65 49.68 � 4.88‡ 49.41 (81.7)
0.6 14.0 � 0.70‡ 45.41 � 3.84§ 42.78 (70.7)

Values are given as the mean � SEM (n � 12/group) unless otherwise
indicated.

*Sum of clinical scores over the entire observation period.
†Values are given as number (percentage) of 60.50.
‡P � 0.05 versus the control.
§P � 0.01 versus the control.
CDI, cumulative disease index.
two approaches to address this question: an ex vivo pro-
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liferation assay to determine Ag-specific proliferation and
an in vivo delayed-type hypersensitivity (DTH) assay to as-
sess T-cell–mediated inflammatory response after rechal-
lenge with the immunization autoantigen. In the assay of ex
vivo T-cell proliferation, we rechallenged LN cells with
MOG35-55 peptide or ovalbumin as a control after these
cells were isolated from mice with EAE fed different doses of
EGCG. The addition of MOG35-55 (1 to 100 �g/mL) stimu-
lated T-cell proliferation in a concentration-dependent man-
ner, which was dose dependently inhibited by dietary
EGCG supplementation (Figure 2A). Nonspecific Ag
ovalbumin did not induce proliferative response (data not
shown). In concordance with the results for symptoms, this
effect was not significant in the 0.15% EGCG group. Con-
sistent with the results of an ex vivo T-cell proliferation assay,
EGCG also dose dependently reduced the DTH response,
as determined by the Ag rechallenge-induced footpad
thickness, and a significant reduction was observed even in
the 0.15% EGCG group (Figure 2B).

Because mice fed 0.6% EGCG had the greatest pro-
tective effect, and they tolerated this level well, in the

Figure 2. Dietary EGCG dose dependently inhibits autoantigen-specific
T-cell proliferation and DTH skin response. A: At day 60, after being fed
and immunized with MOG35-55/CFA, as described in the legend to Figure
1, mice were euthanized and cells were isolated from the draining LNs. LN
cells were restimulated with 0, 1, 10, or 100 �g/mL MOG35-55 peptide for
72 hours, and proliferation was determined by [3H]-thymidine incorpora-
tion. B: At day 57 (ie, 3 days before being euthanized), mice were
rechallenged by injecting 20 �L of MOG35-55 peptide (10 �g/mL) into
footpads, and DTH was measured as the thickness of footpads was
recorded at 24, 48, and 72 hours after injection. Values are mean � SEM
(n � 6). *P � 0.05, **P � 0.01, and ***P � 0.001, as determined by
one-way analysis of variance, followed by Tukey’s honestly significant
difference post hoc test for multiple comparisons.
subsequent experiments we used this dose to further
determine the working mechanisms of EGCG and to
compare its efficacy when administered at different times
during EAE development.

EGCG Reduces Inflammation and
Demyelination in the CNS of Mice with EAE

In the pathogenesis of EAE, autoreactive T cells and
other associated immune cells cross the blood-brain bar-
rier (BBB), infiltrating the CNS, where these cells and their
products orchestrate inflammatory cascades, ultimately
causing damage to the myelin sheath. Because we found
that EGCG ameliorated EAE symptoms and inhibited the
Ag-specific T-cell response, we intended to learn if this
protective effect of EGCG would be reflected in the cor-
responding changes in tissue inflammation and damage.
Figure 3A shows the pathological characteristics of spi-
nal cord samples collected from mice 30 days after im-
munization. Mice with EAE fed the control diet showed
extensive inflammatory cell infiltration into the white mat-
ter of spinal cords, and this change was greatly reduced
by EGCG treatment. We further found that EAE-induced
tissue inflammation and the protective effect of EGCG
were well reflected in the levels of tissue destruction (ie,
demyelination) (Figure 3B).

Profile of Immune Cell Infiltration in the CNS and
Its Alteration by Dietary EGCG

To identify the populations of immune cells that infiltrated
into the CNS of mice with EAE and to determine how they
are affected by EGCG supplementation, we conducted
IHC and found that EGCG treatment reduced the fre-
quency of neutrophils (Gr-1), M� (F4/80), and T cells
(CD3), but not B cells (CD45R, B220), in the spinal cords
on day 12 after immunization (estimated peak time for
inflammatory infiltration) (Figure 3C). We also isolated
mononuclear cells from spinal cords and brains on day
12 after immunization and conducted a quantitative anal-
ysis using flow cytometry. In agreement with the IHC
results, EGCG treatment reduced total infiltrating cells,
neutrophils, M�, total T cells, and CD4� T cells; there
was also a trend for reduced B cells (P � 0.09) (Figure
3D). However, EGCG treatment did not significantly
change the composition of infiltrating cells, except for a
reduced percentage of neutrophils (data not shown).
These results indicate that EGCG reduces infiltration of
most cell types to a similar extent, without substantial
preference.

EGCG Inhibits Th1/Th17 and Enhances Treg
but Does Not Affect Th2 Response

In EAE pathogenesis, a key step after effective autoanti-
gen challenge is T-cell differentiation into different sub-
types, as characterized by predominant production of the
corresponding cytokines by each population. Therefore,
determining how EGCG affects the profile of T-cell sub-
sets would provide a mechanistic insight toward helping

us understand their protective effect in EAE and other
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Figure 3. Dietary EGCG reduces the neuropathological features associated with EAE. After being fed and immunized with MOG35-55/CFA, as described in the legend to Figure
1, mice fed 0.6% EGCG or a control diet were euthanized and spinal cords were collected. Sections of the fixed samples were obtained and stained with H&E (A) or Luxol fast
blue (LFB) (B) for assessment of inflammation or demyelination, respectively. Each section is the representative of six mice in each diet group. On day 12 after immunization,
mice were euthanized and brains and spinal cords were collected for IHC and profiling inflammatory infiltration. C: IHC for neutrophils (Gr-1), B cells (CD45R), macrophage (M�)
(F4/80), and T cells (CD3). Each section is the representative of six mice in each diet group. D: Isolated cells were counted under a microscope for total number of infiltrated cells
and stained with appropriate fluorescence-conjugated antibody, followed by flow cytometry to determine the cellular composition. Each dot represents one sample pooled from

two mice. Significant differences were determined by the nonpaired Student’s t-test. *P � 0.05 compared with the control.
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autoimmune diseases. We, thus, measured the hallmark
cytokines IFN-�, IL-4, and IL-17, for Th1, Th2, and Th17,
respectively, and transcription factor Foxp3, specific for
Treg in the CNS (brain and spinal cord) and peripheral
lymphoid organs (spleen and draining LNs), which were
collected on day 12 after immunization. Compared with the
control mice, those fed EGCG had significantly smaller pop-
ulations of Th1 and Th17 cells and a larger population of
Tregs in the CNS (Figure 4). Intracellular IL-4 and IL-10 were
not detectable under our experimental conditions; thus, we
do not know if EGCG affects the Th2 population or IL-10
production in infiltrated T cells in the CNS.

To determine whether EGCG affects priming/expan-
sion of pathogenic Th1 and Th17 responses in peripheral

Figure 4. Dietary EGCG down-regulates Th1 and Th17 and up-regulates
Treg response in the CNS. On day 12 after immunization, mice were eutha-
nized and brains and spinal cords were collected. The isolated mononuclear
cells from the CNS were stimulated with PMA plus ionomycin in the presence
of Golgi Stop for 4 hours. After that, appropriate surface and intracellular
stainings were performed and cell type and subpopulation were determined
using flow cytometry. A: Representatives of flow cytometry results for Th1
(IFN-�–producing CD4� T cells) and Th17 (IL-17–producing CD4� T cells)
populations. B: Summary of Th1 and Th17 populations. Each dot represents
one sample pooled from two mice. C: Representatives of flow cytometry
results for Treg (CD4�Foxp3�) T cells. D: Summary of the Treg population.
Each dot represents one sample pooled from two mice. All values in this
figure are mean � SEM (n � 6/group). Significant differences were deter-
mined by the nonpaired Student’s t-test. *P � 0.01, **P � 0.001 compared
with the control.
lymphoid tissues, we measured production of IFN-� and
IL-17 by spleen and LN cells after Ag rechallenge with
MOG35-55 peptide. EGCG supplementation significantly
reduced IFN-� and IL-17 production in the cultures, as
measured by ELISA (Figure 5A). These results were fur-
ther confirmed by analysis of the intracellular levels of
these cytokines, as demonstrated by a reduction in both
IFN-�–secreting (Th1) and IL-17–secreting (Th17) CD4�

cells and in a subpopulation of Th17 CD4� T cells that
concomitantly express IL-17 and IFN-� (Figure 5, B and
C). Consistent with the findings in the CNS, EGCG sup-
plementation resulted in increased proportions of Tregs
in both spleen and LN CD4� T cells (Figure 6A); further-
more, we obtained detectable levels of intracellular IL-4
and IL-10, which were not different between the control
and EGCG-fed mice (Figure 6, B and C). Because cyto-
kines IL-12, IL-23, and TGF-� are key factors in driving
Th1, Th17, and Treg differentiation and maintaining their
expansion, respectively,22,23 whereas IL-27 suppresses
the generation of encephalitogenic Th17 cells and the
effector phase of EAE,24 we determined the effect of
EGCG treatment on theses cytokines to gain a further

Figure 5. Dietary EGCG inhibits Th1 and Th17 response in peripheral
lymphoid organs of mice with EAE. On day 12 after immunization, mice were
euthanized and spleen and draining LNs were collected. Spleen and LN cells
were stimulated in vitro with 100 �g/mL MOG35-55 peptide for 72 hours to
determine secretion of IFN-� and IL-17 using ELISA (A). In addition, these
cells were restimulated with PMA and ionomycin in the presence of Golgi
Stop for an additional 4 hours for analysis of intracellular levels of IFN-� and
IL-17 to identify Th1 and Th17 populations in CD4� T cells of spleen (B) and
LNs (C). D: IL-12/IL-23 total p40 levels in plasma samples were determined
by ELISA. Total RNA extracted from the splenocytes was used to determine
IL-12p35, IL-12p40, and IL-23p19 mRNA expression levels using real-time
RT-PCR. All values in this figure are mean � SEM (n � 8/group). Significant

differences were determined by the nonpaired Student’s t-test. *P � 0.05,
**P � 0.01, and ***P � 0.001 compared with the control.
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mechanistic insight. Results showed that EGCG supple-
mentation reduced plasma levels of IL-12/IL-23 total p40
(Figure 5D) and mRNA expression of IL-12p40 and
IL-23p19 but did not affect mRNA expression for IL-12p35
(Figure 5D) and IL-27 (IL-27p28 and IL-27EBi3) (data not
shown) and TGF-� production in splenocytes (Figure 6D).

Together, these results suggest a novel mechanism:
EGCG’s protective ability to impede EAE development
may be mediated by reducing the pro-autoimmune, in-
flammatory Th1 and Th17 cells while increasing the pro-
tolerance, anti-inflammatory Tregs.

EGCG Suppresses the Expression of
Transcription Factors T-bet and ROR�t

Transcription factors T-bet and ROR�t are master regu-
lators that direct the differentiation of Th1 and Th17 cells,
respectively. Therefore, after observing the EGCG-in-

Figure 6. Dietary EGCG up-regulates Treg but does not affect Th2 response
in peripheral lymphoid organs of mice with EAE. On day 12 after immuni-
zation, mice were euthanized and spleen and draining LNs were collected. A:
Spleen and LN cells were stained with fluorescence-conjugated antibody for
CD4 and Foxp3 in the Mouse Foxp3 buffer and analyzed by a flow cytometer.
B and C: To determine the intracellular IL-4 and IL-10 levels in CD4� T cells
from spleen and LN, spleen and LN cells were stimulated in vitro with 100
�g/mL MOG35-55 peptide for 72 hours, followed by restimulation with PMA
and ionomycin in the presence of Golgi Stop for an additional 4 hours.
Intracellular levels of IL-4 (B) and IL-10 (C) in CD4� T cells were analyzed by
a flow cytometer. D: Splenocytes were stimulated in vitro with 100 �g/mL
MOG35-55 peptide for 72 hours, and supernatant was analyzed for TGF-�
production using ELISA. All values in this figure are mean � SEM (n �
8/group). Significant differences were determined by the nonpaired Student’s
t-test. *P � 0.01, **P � 0.001 compared with the control.
duced reduction in Th1 and Th17 populations, we wanted
to learn if these two transcription factors are involved in
the suppressive effect of EGCG on Th1 and Th17 devel-
opment. Spleens were collected on day 12 after immuni-
zation, and isolated cells were used to conduct intracel-
lular staining for T-bet and ROR�t expression analysis. In
accordance with the findings of EGCG’s effect on Th1
and Th17, EGCG supplementation resulted in reduced
expression of both T-bet and ROR�t (Figure 7A). These
results were further supported by the finding that EGCG-
fed mice had significantly lower expressions of T-bet and
ROR�t in the CNS (Figure 7B). Thus, the reduced Th1
and Th17 populations in mice with EAE after EGCG sup-
plementation were probably mediated by down-regula-
tion of their respective master transcription factors.

EGCG Decreases Pro-Inflammatory Cytokine
Production

Pro-inflammatory cytokines IL-6, IL-1�, and TNF-� have
been important in the development of inflammation and
neurological damage in EAE and in the pathogenesis of
other autoimmune diseases. IL-6 is a decisive factor in
switching differentiation toward Th17 cells away from
Treg conversion.25–27 IL-1� and IL-628 or IL-23 and IL-
1�29 are essential for Th17 development; TNF-�, a Th1
cytokine, promotes EAE symptoms and pathological
characteristics.30–33 All these cytokines are up-regulated
in human MS and murine EAE.28,29,34,35 Spleen and LN
cells isolated on day 12 after immunization were restim-
ulated with MOG35-55 peptide, and the collected super-
natants were analyzed by ELISA for cytokine production.
The cells from both spleen and LN produced less IL-6
and TNF-� in EGCG-fed mice compared with the control
mice; furthermore, EGCG-fed mice had lower plasma
levels of IL-1� than control mice (Figure 8). These results
suggest that EGCG-induced improvement in EAE may be
partly mediated by its effect on these inflammatory cyto-
kines.

Figure 7. Dietary EGCG suppresses T-bet and ROR�t expression. On day 12
after immunization, mice were euthanized and spleens, brains, and spinal
cords were collected. A: Isolated spleen cells were used to conduct intracel-
lular staining for T-bet and ROR�t in CD4� T cells and analyzed by flow
cytometry. B: Total RNA extracted from the CNS tissue (brains and spinal
cords) was used to determine T-bet and ROR�t mRNA expression using
real-time RT-PCR. All values in this figure are mean � SEM (n � 6/group).

Significant differences were determined by the nonpaired Student’s t-test.
*P � 0.05, **P � 0.01, and ***P � 0.001 compared with the control.
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EGCG Reduces Circulating ICAM-1 and Down-
Regulates CCR6 Expression in CD4� T Cells

In the EAE model, after immunization, the myelin Ag–
primed and subsequently expanded autoreactive effec-
tor T cells in peripheral lymphoid tissues need to enter the
CNS to initiate tissue inflammation. Adhesion molecules
play an important role in the migration of immune cells
into the CNS. Patients with MS have increased serum
levels of soluble ICAM-1 (sICAM-1),36,37 and recent stud-
ies9,38 have shown that ICAM-1 is more important than
other adhesion molecules in promoting pathological cell
infiltration into the CNS and the development of EAE. To
determine whether this molecule is involved in the EGCG-
induced reduction of inflammatory infiltration, we mea-
sured the plasma sICAM-1 level and found that it was
lower in mice fed EGCG compared with those fed the
control diet (Figure 9A). CCR6 has been essential for the
first wave of autoreactive Th17 migrating into the unin-
flamed CNS by interacting with its only ligand, CCL20,
which is constitutively expressed in the epithelial cells of
the choroid plexus.39 Because we observed that inflam-
matory infiltration in the CNS of mice with EAE was greatly
reduced by dietary EGCG supplementation, we wanted
to know if this effect of EGCG affects T-cell migration
across the BBB in addition to the reduced expansion of
autoreactive T cells. In our first attempt to address this
issue, we determined CCR6 expression on spleen CD4�

T cells harvested on day 12 after immunization. We found

Figure 8. Dietary EGCG inhibits production of pro-inflammatory cytokines.
On day 12 after immunization, mice were euthanized and spleens and LNs
were collected. Spleen and LN cells were restimulated with MOG35-55 pep-
tide for 72 hours, and supernatants were used to determine production of
IL-6 (A) and TNF-� (B). Plasma samples were used to determine IL-1�
concentration (C). All cytokines were determined using ELISA. All values in
this figure are mean � SEM (n � 8/group). Significant differences were
determined by the nonpaired Student’s t-test. *P � 0.05, **P � 0.01 compared
with the control.
that both the number of CD4� T cells expressing CCR6
(Figure 9B) and the amount of CCR6 expressed per cell
(Figure 9C) were significantly lower in EGCG-fed mice
compared with control mice. We further measured
CCL20 mRNA expression in the CNS samples and found
no difference between EGCG-fed mice and control mice
(Figure 9D).

EGCG Is Effective in Treating EAE When
Administered during the Induction and Effector
Phase of the Disease

In the experiments previously described, EGCG supple-
mentation started 30 days before immunization and con-
tinued throughout the study. As such, we could not de-
termine whether EGCG supplementation could still
provide a benefit during the induction and after the onset
of disease. To answer this question, we started EGCG
supplementation on days 7 and 12 after immunization
and then observed its effect on the severity of EAE symp-
toms. These time points were selected because, in a
typical EAE model, day 7 is the time for full induction of
autoimmune response (induction phase) and day 12 is
the time when the symptoms have already developed for
most animals (effector phase). We found that EGCG ad-
ministration started at day 7 delayed disease onset and
attenuated the symptoms. When EGCG was started at
day 12, it attenuated the symptoms at a comparable
magnitude but did not delay disease onset (Figure 10
and Table 2). These results indicate a therapeutic effect
of EGCG on EAE.

Figure 9. Dietary EGCG supplementation reduces circulating ICAM-1 and
down-regulates CCR6 expression in CD4� T cells but does not affect CCL20
expression in the CNS. On day 12 after immunization, mice were euthanized
and blood, spleens, brains, and spinal cords were collected. A: Blood was
centrifuged to obtain plasma, and sICAM-1 levels in the plasma samples were
determined by ELISA. B and C: Spleen cells were isolated and CCR6 expres-
sion in CD4� T cells was determined by flow cytometry. These data are
expressed as percentage of CCR6� CD4� T cells (B) and CCR6 expression
level per cell, as indicated by mean fluorescence intensity (MFI; C). D: Total
RNA extracted from the CNS tissue (brains and spinal cords) was used to
determine CCL20 mRNA expression using real-time RT-PCR. All values in this
figure are mean � SEM (n � 6/group). Significant differences were deter-

mined by the nonpaired Student’s t-test. *P � 0.05, **P � 0.01 compared with
the control.
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Discussion

Altered T-cell responses play a key role in autoimmune
pathological conditions, as typically manifested in MS
and rheumatoid arthritis. Attenuation of T-cell expansion
and function is the most common therapeutic approach
for these diseases. The theories for the immunopatho-
genesis of autoimmune diseases have significantly
evolved over the past few years. The most pronounced
progress is that T-cell–mediated autoimmune disorders
are no longer discussed within the context of the Th1 and
Th2 paradigm; rather, Th17 cells and Tregs are currently
the main focus of research. MS and its rodent model,
EAE, are the typical examples of such cases. This new
information, therefore, needs to be fully considered in
investigations designed to identify the bioactive food
components with preventive and/or therapeutic potential
against autoimmune diseases and to illuminate their
mechanisms of action.

Most evidence suggesting an anti-inflammation prop-
erty of EGCG is from cell-based studies in which EGCG is
added at much higher than physiologically relevant con-
centrations. A few studies in animal studies using oral
administration of EGCG or green tea polyphenols have
been reported on some autoimmune diseases, such as
rheumatoid arthritis,19 Sjögren’s syndrome,40 colitis,41

and encephalomyelitis.17 These studies have shown, to a
varied extent, EGCG’s ability to improve symptoms, path-
ological characteristics, and the cytokine profile. In the
only study17 to investigate EGCG’s effect on EAE, Atkas
et al showed that administration of EGCG by gavage (300
�g/mouse twice daily from the day of immunization on) to
mice with EAE reduced clinical symptoms, brain inflam-
mation and neuronal damage, proliferation, and TNF-�
production of LN cells. The authors also reported a lack
of effect of EGCG on Tregs, defined as CD4�CD25�

Figure 10. Dietary EGCG supplementation started after EAE initiation effec-
tively ameliorated clinical symptoms of EAE. Three groups of mice fed the
control diet were immunized with MOG35-55/CFA. Although one group con-
tinued receiving the control diet throughout the study, the remaining two
groups were fed a 0.6% EGCG diet from days 7 (D7) and 12 (D12) after
immunization on. Clinical symptoms of EAE were scored daily until day 30
after immunization. Values are mean � SEM (n � 6).
cells. However, given the fact that activated CD4� T cells
also express CD25 (IL-2R�) and that the authors did not
use the specific marker Foxp3 to identify Tregs, it is likely
that the change in activated T cells might have masked
real changes in the Treg population. This study, for the
first time to our knowledge, demonstrated the efficacy of
EGCG in improving EAE symptoms and provided evi-
dence suggesting that the effect of EGCG was mediated
through suppression of T-cell activity. Published before
the introduction of Th17/Treg concept into immunopatho-
genesis, the study understandably provided limited
mechanistic information. Taking advantage of the recent
advancements in the understanding of pathogenesis of
autoimmune immunity and using a multidose, dietary
supplementation design, we revisited this issue. Our re-
sults confirmed and expanded the previous findings by
showing that EGCG dose dependently ameliorated clin-
ical symptoms and delayed disease onset in mice with
EAE, and this EGCG-induced change was well associ-
ated with reduced inflammatory infiltration and demyeli-
nation damage in the CNS. Furthermore, EGCG supple-
mentation suppressed expansion of the autoreactive
pathological T cells and their effector function after re-
challenge with the autoantigen. More important, we dem-
onstrated a novel mechanism for the EGCG-induced ef-
fect (ie, altered regulation in CD4� T-cell subsets,
reducing Th1 and Th17 populations while promoting the
Treg population). This effect is most likely to be mediated
through the corresponding changes in the transcription
factors that control their differentiation. Moreover, we
showed that reduced expression of CCR6 on CD4� T
cells in EGCG-fed mice may contribute to the decreased
cell infiltration seen in the CNS of these mice. Together,
this study has provided compelling evidence to support
the therapeutic efficacy of EGCG in EAE and, thus, a
promising potential treatment for human MS and possibly
other autoimmune diseases as well.

In the development of a T-cell–mediated autoimmune
disease, the autoantigen-driven T-cell expansion needs
to reach an adequate level to exert its effector functions,
leading to tissue damage. In EAE, administered myelin
antigen is first absorbed on site (skin) and processed by
antigen-presenting cells (APCs) and then presented to T
cells in peripheral lymphoid tissue. Primed T cells un-
dergo proliferation and differentiation to expand the an-
tigen-specific colony while polarizing into different effec-
tor subsets. The infiltration of these activated cells into the
CNS from the periphery and the induction of an inflam-

Table 2. Effect of EGCG Administered after Immunization on
EAE Symptoms

Group Day of onset CDI* Area of curve†

Control 11.0 � 0.65 54.00 � 4.72 52.60 (100)
EGCG

At day 7 14.5 � 0.94‡ 35.60 � 3.27‡ 34.70 (66.0)
At day 12 10.5 � 0.65 36.40 � 5.50‡ 35.10 (66.7)

Values are given as the mean � SEM (n � 6/group) unless otherwise
indicated.

*Sum of clinical scores over the entire observation period.
†Values are given as number (percentage) of 52.60.
‡
P � 0.05 versus the control.
CDI, cumulative disease index.
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matory response thereafter are key to the initiation of
disease. In this study, we found that T cells from EGCG-
fed mice had lower levels of proliferation on ex vivo re-
challenge with the autoantigen MOG, which was further
supported by a reduction in MOG-induced DTH skin re-
sponse in EGCG-fed mice. Because the magnitude of an
antigen-driven T-cell expansion depends on T cell and
APC function, it is unclear whether these results repre-
sent a direct effect of EGCG on T cells, an indirect effect
by acting on APCs, or both. We have previously shown
that both in vitro and in vivo EGCG supplementation in-
hibits T-cell proliferation.15,42 In a co-culture study,42

separately treating either APCs (during the antigen
ovalbumin pulse) or T cells (ovalbumin specific) with
EGCG-reduced T-cell proliferation, however, the direct
effect of EGCG on T cells was predominant. Together
with the previous studies showing that in vitro supplemen-
tation of EGCG suppressed maturation of mouse bone
marrow–derived43 and human monocyte–derived44 den-
dritic cells, we believe that, although T cells are the main
target of EGCG effect, contribution of APCs to EGCG-
induced inhibition of autoreactive T-cell proliferation
should be considered. More directed, definitive work is
needed to accurately elucidate this question.

In the active EAE model, the autoreactive myelin-spe-
cific effector T cells, primed and expanded in peripheral
lymphoid tissues, crossed the BBB and infiltrated the
CNS, where these pathological cells exert their effector
functions, leading to tissue damage and resulting dis-
ease symptoms. We found that EGCG inhibited autore-
active T-cell proliferation in the periphery and greatly
reduced the inflammatory infiltration in the CNS, which is
likely to contribute to the attenuated clinical symptoms
and demyelination damage in the mice with EAE fed
EGCG. Although unable to define the exact mechanisms
by which EGCG reduces leukocyte infiltration, we pro-
pose some attributable factors. First, reduced patholog-
ical cells in the periphery are assumed to reduce the
frequency of these cells coming across the CNS. Sec-
ond, EGCG reduces the production or expression of the
molecules known to facilitate leukocyte transendothelial
migration, such as chemokines IL-8 and monocyte che-
moattractant protein-145–47 and adhesion molecules48,49

and to inhibit migration of neutrophils,50,51 CD8� T
cells,49 and B cells.52 Third, the observed EGCG-in-
duced reduction in IFN-� and IL-17 production and the
proportion of IL-17–IFN-� double-positive CD4� T cells
may contribute to the reduced leukocyte infiltration be-
cause, as reported, IFN-� facilitates Th17 migration
across the BBB by enhancing endothelial expression of
adhesion molecule ICAM-1, and IL-17 is capable of dis-
rupting the BBB; IL-17–IFN-� double-positive cells have a
higher capacity for crossing the BBB than either single-
positive cells.9 The observed reduction in plasma levels
of sICAM-1 in EGCG-fed mice further supports this spec-
ulation. Last, we found that CD4� T cells isolated from
EGCG-fed mice had lower levels of expression for CCR6,
a CCR primarily expressed in Th17 cells. A recent
study39 showed that the binding of CCR6 expressed by
Th17 cells to its ligand CCL20 in the epithelial cells of the

choroid plexus is essential for triggering the entry of
autoreactive Th17 cells into the CNS, leading to EAE.
However, we did not see a significant effect of EGCG on
CCL20 expression in the CNS. These results partly ex-
plain the EGCG-induced reduction in CD4� T-cell infiltra-
tion and open a new direction for future studies on the
working mechanisms of EGCG.

CD4� T cells are classified into at least four function-
ally distinct subsets (namely, Th1, Th2, Th17, and Treg
cells).25,53–58 Differentiation of naïve CD4� T cells into
these different effector cells is initiated by T-cell receptor
engagement and costimulation in the presence of spe-
cific cytokines produced by the innate immune system on
encounter with particular pathogens or antigens. Hall-
mark cytokines for Th1, Th2, and Th17 are IFN-�, IL-4,
and IL-17, respectively, and Tregs are often identified as
CD4�CD25�Foxp3� cells. The recently identified Th17
cells are believed to play a critical role in the clearance of
extracellular bacteria and fungi, particularly those not
well defended by Th1 or Th2 immunity.59–61 Tregs mainly
function to maintain self-tolerance and regulate immune
responses.62 Although these responses are necessary
for a normal immune response, their dysregulation can
be harmful, as evidenced in the case of autoimmune
diseases. Up-regulated activation of Th1 and Th17 and
down-regulated Treg development are viewed as char-
acteristic components in the immunopathological fea-
tures of EAE and some other organ-specific autoimmune
diseases. Although studies have shown a protective ef-
fect of EGCG or green tea polyphenols in several auto-
immune animal models, it is not known if this effect of
EGCG is related to an altered modulation of polarization
and function of these CD4� T-cell subsets. Previous stud-
ies19 showed that green tea polyphenols in water given to
mice with collagen-induced arthritis resulted in a lower
expression of IFN-� and TNF-� in the arthritic joints;
EGCG gavage in mice with EAE reduced ex vivo TNF-�
production in LN cells,17 and in mice with concanavalin
A–induced hepatitis, it reduced levels of plasma IFN-�
and TNF-� and their mRNA expression in the liver.63

Although these results appear to imply an involvement of
Th1 response in EGCG’s protective effect on autoimmu-
nity, in the current study, we provided direct evidence
showing that EGCG inhibits Th1 and Th17 response in
both the CNS and peripheral lymphoid tissue of mice with
EAE. Transcription factors T-bet and ROR�t are the mas-
ter regulators in directing differentiation of naïve CD4� T
cells to Th1 and Th17, respectively. Thus, our further
observation that EGCG inhibited expression of transcrip-
tion factors T-bet and ROR�t in CD4� T cells of both the
CNS and peripheral lymphoid tissue strongly suggests
that EGCG may inhibit CD4� T-cell differentiation into Th1
and Th17 by acting on their respective transcription con-
trols. On the other hand, we found that EGCG increased
the percentages of Tregs in CD4� T cells of both the CNS
and spleen. Although this result may represent an addi-
tional mechanism for the protective effect of EGCG in
EAE, it is difficult to dissect the effect of EGCG on one
subset, independent of its interplay with the other, be-
cause there is a well-recognized reciprocal regulation
between Th17 and Treg development. Th17 differentia-

tion is initiated by TGF-� and IL-6 and amplified by IL-21.
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Th17 cell proliferation and stabilization are supported by
IL-23.22 TGF-� is important for natural Treg develop-
ment64 and plays a key role in induced Treg differentia-
tion.65 Given the duplicity of TGF-� in driving naïve CD4�

T cells into both Th17 and Treg, the presence of IL-6
appears to be the decisive factor.26 Compelling evidence
has indicated that IL-6 is an essential differentiation factor
for Th17 cells, and its presence redirects TGF-�–induced
Treg differentiation toward Th17 cells. Because we found
that EGCG inhibited IL-6 production, the observed up-
regulation of Th17 and down-regulation of Treg by EGCG
may be mediated, in part, through altered IL-6 produc-
tion. IL-4 has been implicated as a suppressor cytokine in
EAE, and IL-4–producing Th2 cells have helped limit the
development of EAE.34,35,66,67 By using intracellular
staining and flow cytometry, we were unable to detect
IL-4 and IL-10 produced by infiltrated CD4� T cells in the
CNS but found that their production in LN and spleen
CD4� T cells was not affected by EGCG. These results
indicate that EGCG may not affect Th2 response; thus, the
protective effect of EGCG in mice with EAE does not seem
to be related to Th2 cells. Furthermore, although Tregs are
the main producers of IL-10 and IL-10 contributes to Treg’s
function, EGCG can still promote Treg development without
necessarily affecting IL-10 production.

In this study, we used two supplementation protocols
to test the efficacy of EGCG in ameliorating EAE. We
found that EGCG treatment started either 30 days before
immunization or 7 or 12 days after immunization, effec-
tively alleviating EAE. EGCG administration for 30 days
before induction of EAE did not reduce disease inci-
dence, although it slightly delayed disease onset; how-
ever, starting EGCG treatment 7 days after immunization
also similarly delayed disease onset. Therefore, we be-
lieve that EGCG’s effect is largely therapeutic, rather than
preventive, at the doses used. Based on our findings,
taking EGCG may benefit those who have T-cell–medi-
ated autoimmune disorders. One limitation of this study,
which needs to be further determined, is the relevance of
effective doses for the treatment of disease in humans.
The lowest effective dose (0.3% in diet) in this study is
equivalent to 360 mg/kg body weight/day for a mouse of
25 g, based on the average diet consumption of 3 g/day.
When this dose is converted from mice consuming 12
kJ/day to humans consuming 2000 kJ/day by using iso-
caloric calculation, it is equivalent to 26 mg/kg body
weight/day in humans, or 1820 mg EGCG/day consumed
by a 70-kg person. This dose can be achieved by drink-
ing large quantities (at least 10 cups or 2 L/day) of tea
or by taking supplements. In previous animal studies,42

mice fed 1% EGCG for a longer time than that used in
the current study did not show any adverse effect, as
assessed by histological characteristics, weight, and
general condition; in addition, the doses used in our
studies are within the safe range, as defined by the
comprehensive EGCG toxicology studies in ani-
mals.68 –70 Although we believe that equivalent EGCG
doses for humans would be safe, nevertheless, this
needs to be confirmed.

In summary, we showed that dietary EGCG supple-

mentation is effective in ameliorating the symptoms and
pathological changes in EAE animals. This effect of
EGCG is associated with the reduced inflammatory infil-
tration in the CNS and the reduced proliferation of auto-
reactive T cells and their differentiation into different sub-
sets with corresponding effector functions (namely,
down-regulated Th1 and Th17 cells and up-regulated
Tregs). These results strongly suggest a promising po-
tential for using EGCG as a therapeutic agent in MS and
possibly in other T-cell–mediated autoimmune diseases
as well. This study has also revealed a novel mechanism
to help us understand this beneficial effect of EGCG.
Future studies are needed to determine the efficacy of
EGCG in patients with MS and to demonstrate whether
the mechanism for EAE in this study can also be applied
to other T-cell–mediated autoimmune diseases.
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